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1. INTRODUCTION
Since the demonstration of the first magnetooptical
trap (MOT) by Raab et al. [1], experiments with ultra-
cold atoms have won great prestige, and this field now
occupies a prominent place in atomic and molecular
physics. Laser cooling experiments with alkali and
alkaline-earth metals have made important contribu-
tions to several areas of research, including the study of
ultracold collisions, Bose–Einstein condensation
(BEC), atomic clocks, the search for parity violation,
and many others. Today, cold atoms constitute an
important technique, where one takes the advantage of
trapping properties to investigate these various phe-
nomena.
Alkali atoms can be regarded as a combination of
the noble gas core and an electron in the valence shell.
Therefore, these atoms are ideal targets for studying the
role of spin in electron–atom collisions as reported by
Han et al. [2]. These atoms can be easily excited using
visible and NIR light sources and are, therefore, very
convenient to study electron collisions with excited
atomic states, as reported by Zuo et al. [3]. Schappe
et al. [4] reported absolute values for the total electron
scattering cross section, in the range from 7 to 500 eV,
using a cloud of Rb cold atoms in a MOT. The use of
ultracold atoms is very advantageous in this type of
measurement, because the total cross section reported
here depends only on the electron flux in the electron
beam and the relative change in the atomic density of
the trapped atoms and not on the total number of atoms.
Following the pioneering work of Schappe et al. [4,
5], Zecca et al. [6] have summarized all previous work
on the determination of the total electron impact scat-
tering cross section and electron impact ionization
cross section. These include experimental studies in
different energy regions (0.3 to 9.0 eV range by Vis-
conti et al. [7], 2 to 18 eV range by Jaduszliwer and
Chen [8] and 0.3 to 400.0 eV by Brode [9]), theoretical
studies including two-state close-coupling calculations
(Karule and Peterkop [10], Burke and Mitchell [11]),
five-state relativistic close-coupling calculations (Scott
et al. [12]), polarization-potential calculations (Crown
and Russek [13] and Balling [14]), and Breit–Pauli
R-matrix calculations (Bartschat [15]). More recently,
MacAskill et al. [16] have measured the total electron
impact cross sections of 
 
133
 
Cs atoms in a MOT in the
energy range from 0.3 to 400 eV. They observed a good
agreement between convergent close-coupling (CCC)
calculations and the experimental measurements. They
revised their measurements with a new apparatus and
reported new results [17] for the 5 to 200-eV range,
which agreed with the previous experimental results as
well as with the CCC calculations. They further
extended their work and measured the electron impact
ionization cross section of the excited states 6
 
2
 
P
 
 of Cs by
using this technique, as reported by Lukomski et al. [18].
In the present work, we report the measurement of
the total electron impact scattering cross section of
ultracold Cs atoms in a MOT, in the energy range from
80 to 500 eV, using a similar technique to that used by
Schappe et al. [4]. This technique is based upon the
recoil of the target atoms during collision with elec-
trons. The recoil of atoms is an inelastic process and
generates some additional loss channels for the atoms
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1/2
 
 of 
 
133
 
Cs atoms in the energy range from 80 to 500 eV.
The total electron impact cross sections of the cold Cs atoms in the MOT were measured by observing the decay
of the MOT after the interaction with the electron beam, and were found to depend only on the electron flux
and not on the total number of atoms in the MOT. We confirm and extend the existing data on these measure-
ments.
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of the MOT, which are revealed through the variation of
the atomic trapped number obtained by fluorescence
observation. We will start by presenting details of the
experimental setup followed by the discussion, results,
and concluding remarks upon the novel application of
our technique.
2. EXPERIMENTAL SETUP AND PROCEDURE
The MOT consists of three pairs of counterpropa-
gating orthogonal laser beams equal in intensity inter-
secting at the center (with 
 
B
 
 = 0) of a spherical quadru-
pole magnetic field. By properly adjusting the laser
beams frequencies and polarizations and applying the
necessary magnetic-field gradient, a damped harmonic-
type potential is produced at the center of the MOT
which can cool and trap atoms. The schematic diagram
of our experimental setup is illustrated in Fig. 1. The
vacuum chamber is a stainless steel cylinder of equal
height and radius of 6 cm. It has a total of ten ports,
eight being in the horizontal plane and two in the verti-
cal direction. Six out of ten ports are the optical win-
dows for the laser beams of the MOT, two other oppo-
sitely located ports are for coupling an electron gun and
a Faraday cup, one as an optical window for a cali-
brated photomultiplier tube (PMT) and one for a T-tube
extension of the vacuum setup. The T-tube extension is
used to attach a Cs reservoir as well as to observe the
trapped atoms using a CCD camera through an optical
window. The Cs reservoir is a 15-mm-diameter stain-
less steel tube, containing a glass ampoule with 1 g of
metallic Cs. The fluorescence signal of the calibrated
PMT determines the number of trapped atoms in the
MOT, whereas the CCD camera displays the image of
the trap as a bright spot. An ultrahigh vacuum (about
10
 
–7
 
 Pa) was created inside the chamber using four vac-
uum pumps, namely, an ion pump, a turbo-molecular
pump, a diffusion pump, and a rotary pump.
A collimated electron beam was generated from a
homemade electron gun with a beam time (
 
t
 
beam
 
) of
7 ms. It operates in the energy range from 80 to 500 eV,
with an energy spread (
 
∆
 
E
 
) of about 8 eV. It has a beam
diameter between 4 and 6 mm depending on the beam
energy, and the beam current varies from 1 to 2 
 
µ
 
A. We
have measured the current density 
 
J
 
(
 
E
 
0
 
) at all electron
energies. A bellow extension connects the gun and the
chamber for the accurate targeting of the MOT atoms.
The trapping laser is a Ti:sapphire laser (COHER-
ENT 899 Ring Laser System) and the frequency is red
detuned by 15 MHz from the transition 6
 
S
 
1/2
 
 (
 
F
 
 = 4) 
6
 
P
 
3/2
 
 (
 
F
 
 = 5) of the Cs atom. The total available laser
power is 650 mW, with a line width of less than 1 MHz.
The saturated absorption technique was implemented
to lock the Ti:sapphire laser on the frequency of the
chosen transition for trapping the Cs atoms. The
repumper laser is a diode laser (SDL 5400 series)
locked at the resonance of the absorption line 6
 
S
 
1/2
 
 (
 
F
 
 =
3)  6
 
P
 
3/2
 
 (
 
F
 
 = 4) of the Cs atom, and has a 30-mW
power. The experimental procedure to measure the total
scattering cross section of Cs atoms in the MOT by
electrons was carried out according to the timing
scheme depicted in Fig. 2. A timing circuit controls the
loading and unloading process by switching three
devices, namely, the current source of the trapping
coils, the shutter of the repumping laser, and the supply
of the electron gun. A complete cycle of the experimen-
tal procedure can be briefly described as follows: Ini-
tially, the trap is in a steady state with 
 
N
 
0
 
 total number
of trapped atoms. The current source of the trapping
coils is then turned off and the repumper laser is simul-
taneously blocked by closing the shutter. The electron
gun is then turned on, after a delay (
 
∆
 
t
 
) of about 5 ms,
and liberates electrons during 7 ms (
 
t
 
beam
 
) only (
 
∆
 
t
 
 is
essential to let the magnetic field go to zero). After an
interval (
 
t
 
off
 
), the timing circuit switches on the current
source of the trapping coils and opens the shutter of the
repumping laser. This determines a new loading period
 
t
 
load
 
 during which the trap recovers its steady-state num-
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Fig. 1.
 
 Scheme of the experimental setup used in the mea-
surements (CCD: CCD camera; CR: Cs reservoir; EG: elec-
tron gun; VC: vacuum chamber; PM: photomultiplier; FC:
Faraday cup; and SAS: saturated absorption spectroscopy
reference system).
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Fig. 2.
 
 Timing scheme of the experimental procedure.
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ber 
 
N
 
0
 
 of trapped atoms. The number of cold atoms dur-
ing the loading and unloading process is obtained by
observing the fluorescence of the MOT during the com-
plete cycle using a calibrated PMT. 
 
t
 
off
 
 was determined
experimentally during the trap loss measurement at var-
ious energy values of the electron beam. This will be
discussed in the results and discussion section.
The technique used in our measurements is very
similar to that adopted by Schappe et al. [4]. The only
difference being that they started with an empty trap
and recorded the trap loading data, whereas we started
with a fully loaded trap with steady-state number 
 
N
 
0
 
 of
Cs atoms and recorded the unloading data of the trap.
Since we have taken into account all possible scat-
tering angles (including very small 
 
θ
 
) and all scattering
modes, the cross section obtained, denoted by 
 
σ
 
total
 
(
 
E
 
0
 
),
can be regarded as the total electron scattering cross
section for Cs atoms at a given energy 
 
E
 
0
 
.
3. THEORETICAL ASPECTS
The MOT dynamics is a balance between two pro-
cesses: the capture and loss of atoms. The losses are due
to the collisions of trapped atoms with the background
atoms and with the cold atoms among themselves. In
both kinds of collisions, the momentum transfer to a
cold atom can be enough to make it escape from the
trap. In this experiment, we have worked in a regime
where the binary collisions between cold atoms are
negligible compared with the collisions with the atoms
of the background gas.
 
3.1. The MOT Loading and Unloading Equations
 
The trapping rate equation of the MOT can be writ-
ten as
(1)
where 
 
L
 
 is the loading rate of the trap, 
 
N
 
 is the number
of trapped atoms, and 
 
γ
 
0
 
 is the loss rate of atoms due to
the collisions with the background gas, given by
(2)
where 
 
n
 
, 
 
σ
 
, v
 
 are the density, cross section, and average
speed of the atoms of the background gas, respectively.
Integrating Eq. (1) over time and considering the initial
zero condition (
 
N
 
(
 
t
 
 = 0) = 0), one obtains:
(3)
which gives the instantaneous number of trapped atoms
in the MOT at any time 
 
t
 
. Equations (1) and (3) show
that a stationary state is achieved, with the trap contain-
ing a total number of atoms 
 
N
 
0
 
 after an equilibrium has
been established between the load and loss rates (
 
N
 
0
 
 =
 
L
 
/
 
γ
 
0
 
). If the trap is interrupted by blocking the repumper
dN
dt------ L Nγ 0,–=
γ 0 nσv ,=
N t( ) N0 1 e
γ 0t–
–( ),=
laser beam, the cold atoms start escaping from the
cloud due to collisions with the atoms of the back-
ground gas. The number of atoms in the trap decays
according to the following relation:
(4)
If we take into account the delay time ∆t = 5 ms and the
time te as mentioned in Fig. 2, then t = ∆t + te (unloading
time).
When a beam of electrons is applied to interact with
the cold atoms during the unloading of the MOT, the
loss rate of the atoms from the trap is increased by a fac-
tor γe, which defines the ejection rate of atoms from the
trap due to the collisions with the incident electrons.
The trap unloading equation after the interaction with
the electrons then becomes
(5)
The unloading of the trap continues, according to
Eq. (5) for time te with the start of the interaction with
the electron beam. After the unloading, a new loading
period is started such that the cloud recovers the steady-
state number of trapped atoms N0.
3.1.1. Expression for ge. The value of γe can be
obtained from Eqs. (4) and (5) as follows:
(6)
where V(t) and Ve(t) are the fluorescence signals in
terms of the voltages recorded by the PMT with and
without the presence of an electron beam, respectively.
Therefore,
(7)
Equation (7) gives the loss rate γe in terms of the
experimentally measured voltages V(t) and Ve(t). The
trap-loss rate due to electron impact is determined by
the relative measurement of the fluorescence signal
with and without an electron impact, so that one can
illuminate the delay time ∆t = 5 ms by starting the
unloading after 5 ms with and without an electron
beam. In this way, t will be considered as te.
3.2. Total Electron Impact Cross Section σtotal(E0)
The trap-loss rate γe σtotal(E0) and the current density
J(E0) of the incident electron beam can be related
according to the following equations:
(8)
where φe is the flux of electrons with energy E0.
N t( ) N0e
γ 0t–
.=
Ne t( ) N0e
γ 0t– γ et–
.=
N t( )
Ne t( )
------------
N0e
γ 0t–
N0e
γ 0t– γ et–
-------------------------
V t( )
Ve t( )
------------,= =
γ e
1
te
--
N t( )
Ne t( )
------------⎝ ⎠⎛ ⎞ln 1te--
V t( )
Ve t( )
------------⎝ ⎠⎛ ⎞ .ln= =
γ e φeσtotal E0( ),=
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The flux of electrons φe can be defined as the num-
ber of electrons ne crossing a unit area per unit time, i.e.,
(9)
and the current density J of the incident electron beam
can be written as
(10)
where I is the electric current and qe is the electronic
charge. Therefore,
(11)
Hence, Eq. (8) gives
(12)
or
(13)
which gives the total electron impact cross section
σtotal(E0) in terms of the experimentally measured
parameters γe and J(E0).
4. RESULTS AND DISCUSSION
The loss rate γe and the total electron impact excita-
tion cross section were measured at different electron-
beam energies. However, for each value of electron
energy E0, γe was obtained by varying toff from a few
milliseconds to few tens of milliseconds. As mentioned
earlier, the ejection of the atoms from the MOT due to
electron impact is not an instantaneous process. There-
fore, toff is incorporated and determined experimentally
by measuring the loss rate γe. The electrons interact
with the cold atoms for a time (tbeam) of 7 ms only, and
their impact effect lasts as long as the slowest atoms,
i.e., the atoms receiving the minimum momentum
change during the electron impact and leave the trap.
The velocity of a Doppler-cooled Cs atom is 8.82 cm/s.
If the capture volume, i.e., the region of the intersection
of the six laser beams, has a diameter of about 15 mm,
the maximum time taken by a cold atom, which has not
interacted with the electrons, to leave the trap is 170 ms.
Since the velocity of the slowest atom that has inter-
acted with the electrons can be a few times the Doppler
velocity, the maximum time taken by this atom to leave
the trap should be considerably less than 170 ms
depending upon its velocity. Now, the velocity gained
by the cold atoms during the interaction with the elec-
trons depends upon the energy of the incident electron,
the scattering angle (θ) of the electron, and the kind of
scattering acquired during the interaction (elastic,
φe neAt-----=
J E0( ) IA---
qe
At
-----,= =
φe 1Aqe--------⎝ ⎠⎛ ⎞
neqe
t
---------⎝ ⎠⎛ ⎞ IAqe--------
J E0( )
qe
------------- .= = =
γ e
J E0( )
qe
-------------⎝ ⎠⎛ ⎞ σtotal E0( )=
σtotal E0( )
γ eqe
J E0( )
------------- ,=
inelastic, excitation, ionization, etc.). The only parame-
ter which can be controlled externally is the energy E0
of the incident electron. Therefore, toff depends on the
energy E0 of the electron beam in our experiment, since
all other conditions are kept constant.
Figure 3 shows the variation of γe with respect to toff
for an electron energy E0 = 87 eV. It shows that γe is still
increasing up to toff = 20 ms, i.e., the cold atoms inter-
acting with the electrons have not yet been completely
ejected from the trap. However, γe becomes steady after
toff = 30 ms. This time delay corresponds to the slowest
atoms leaving the trap (velocity about 50 cm/s). In
order to make sure that there are no more cold atoms in
the trap which have interacted with the electrons, we
have taken the asymptotic value of γe corresponding to
toff ~ 30 ms as the true ejection rate of the cold atoms
from the trap due to their interaction with electrons of
energy E0 = 87 eV. From Fig. 3, the asymptotic value of
γe is 4.1 × 10–1 s–1.
Inserting this value of γe into Eq. (13) and using the
current density J(E0) = 17.3 µA/cm2 of the electron
beam at E0 = 87 eV, we calculated the total electron
impact cross section σtotal(E0) of Cs atoms in the trap.
Alternatively, we obtain σtotal(E0) from Eq. (13) using γe
and the flux of the electrons Φe = 1.08 × 1014 cm–2 s–1 in
the electron beam at E0 = 87 eV. We found the same
value of σtotal(E0) using both methods (3.8 × 10–15 cm2).
We have measured σtotal(E0) for the entire energy
range from 80 to 500 eV of the electron beam and the
results were plotted and compared with the previously
reported results in the literature. Recent theoretical
results using the CCC scheme reported by MacAskill
et al. [16] and Lukomski et al. [17] covering our energy
range, others in the low-energy range reported earlier
100
10–1
10–2
10 20 30 toff, ms
Loss rate γe, s–1
Asymptotic value = 4.1 × 10–1 s–1
Electron energy = 87 eV
Fig. 3. The transient behavior of the loss rate of atoms for a
fixed energy E0 = 87 eV of electrons shows that toff should
be long enough (30 ms) to allow the cold atoms to leave the
trap after the interaction with the electrons including the
slowest ones.
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by Karule and Peterkop [10], Burke and Mitchell [11],
and the experimental results reported by Visconti et al.
[7], Jaduszliwer and Chan [8], Chen and Gallagher [19]
and McFarland and Kinney [20], are shown in Fig. 4.
Our technique allows the direct measurement of the
absolute values of the total scattering cross sections
without needing to normalize the results. We have
extended the data for the total electron impact cross
section of the ground state 62S of Cs atoms up to
500 eV. Extrapolation of the theoretical results reported
by Burke and Mitchell [11] and Karule and Peterkop
[10] to high energies shows that our results are likely to
support their theory. We are in agreement with the
results of Chen and Gallagher [19] and McFarland and
Kinney [20] beyond 100 eV, who carried out measure-
ments on the electron-impact cross sections in our
working energy range using other techniques. We also
confirm the recent experimental and theoretical results
of MacAskill et al. [16] and Lukomski et al. [17].
5. CONCLUSIONS
We have successfully implemented the interaction
of electrons of energy E0 in the range from 80 to 500 eV
with ultracold atoms of Cs in the MOT, and accurately
measured the absolute total electron impact scattering
cross sections σtotal(E0). We have complemented the
existing data on these measurements in the high-energy
region up to 500 eV. Our measurement technique of the
total electron impact cross sections of atoms has several
advantages over other techniques used in the past. It
allows the direct measurement of the absolute values of
the total scattering cross sections without normalization
of the results and can be easily extended for the mea-
surement of the electron-impact ionization cross sec-
tion of the excited states.
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cross sections of Cs atoms. The energy range of our data is
from 80 to 500 eV.
